Bacteria respond to various environmental stimuli by regulating metabolic pathways through a network of so-called signal transducing systems (4, 18, 30, 36, 44, 55) . Many of these systems involve a common regulatory mechanism normally mediated by two proteins of different functions: a histidine protein kinase (HPK) serving as an environmental sensor, and a cytoplasmic response regulator (RR) modulated by its cognate HPK to trigger an adapting response, in most cases by gene regulation. Such a regulatory operon, consisting of a bacteriocin-like peptide (encoded by plnA), an HPK (encoded by plnB), and two RRs (encoded by plnCD), has previously been cloned and sequenced in Lactobacillus plantarum C11 (8, 9) . Transcriptional activation of this operon, which is thought to be necessary for the subsequent induction of bacteriocin production, is triggered by plantaricin A, a small cationic secreted peptide encoded by plnA. The pln regulatory system (PlnBCD) is most similar to the Staphylococcus aureus accessory gene regulatory (agr) system (26, 42, 45) , whose HPK (AgrC) has been proposed to be the signal transducer and whose RR (AgrA) has been proposed to the transcriptional activator responsible for both the activation of the agr circuit and the subsequent induction of a set of exoproteins (including ␦-lysin) during stationary growth phase (25, 27, 41) . The agr locus has been shown to be activated by an octapeptide processed from a polypeptide encoded by agrD (27, 42) .
The aim of this study was to identify other genes belonging to the plantaricin A (pln) regulon, especially those responsible for the bacteriocin production. Bacteriocins are ribosomally synthesized peptides with antimicrobial activity. Most bacteriocins are active only against bacteria closely related to the producer organism (29) . A subgroup, so-called nonlantibiotic bacteriocins (nonlantibiotics), consists of small heat-stable cationic peptides made up of unmodified amino acids (29) . Their counterparts, the lantibiotics, contain posttranslationally modified amino acids, such as didehydroalanine, didehydrobutyrine, lanthionine, and ␤-methyllanthionine (52) . Some bacteriocins require the complementary action of two different peptides to achieve biological activity; this two-peptide group includes lactacin F (2), lactococcin G (39) , and most probably lactococcin M (59) as well. The primary translation product of most nonlantibiotics, some lantibiotics, and colicin V contains a leader peptide of double-glycine type which might serve as a recognition signal for protein export (13, 17) . Such precursor peptides are processed and secreted by a dedicated export system made up by an ABC transporter and its accessory protein (16) . For the nonlantibiotics, the genetic determinants which have been proposed or confirmed to confer immunity are frequently found in the bacteriocin operons, often located just downstream of the bacteriocin structural gene(s) (19, 29, 37) . This conserved organization is believed to be necessary to protect the producer from being killed by its own bacteriocin. These immunity proteins normally have a high pI. Furthermore, those associated with two-peptide bacteriocins consist of 110 to 154 amino acids (aa), containing several (usually four) potential transmembrane helices (PTHs) (14, 37, 59) , while those of one-peptide bacteriocins are generally smaller in size (51 to 113 aa) and contain few (one to two) or no PTHs (3, 35, 48, (57) (58) (59) (60) . Still, immunity proteins with no PTHs are thought to be associated with the membrane (38, 62) .
The L. plantarum C11 bacteriocin activity has been reported to arise from a small heat-stable proteinaceous compound (7).
However, the results achieved from the initial biochemical and genetic studies on bacteriocin activity are not in full agreement with recent work concerning the regulatory function of plantaricin A (8, 9, 40) . In sum, the observed bacteriocin activity in this bacterium was at first attributed to plantaricin A on the basis of the following facts: (i) plantaricin A was the major component enriched during the purification (40) and (ii) its precursor peptide (PlnA) contains a typical double-glycinetype leader (9) . However, when plantaricin A was obtained by either chemical synthesis or heterologous gene expression, no significant bacteriocin activity was found (8) . On the other hand, synthetic or expressed plantaricin A was able to induce bacteriocin production at very low concentrations. Our working hypothesis for explaining these contradictory results is that factors other than plantaricin A are required for bacteriocin activity. In this study, we have identified four new plantaricin A-induced operons: two operons encoding possible two-peptide bacteriocins, an operon encoding a possible one-peptide bacteriocin, and an operon encoding an ABC transporter system. These findings support our theory that plantaricin A serves primarily as a regulatory factor and that the observed bacteriocin activity is due to one or more of these three putative bacteriocins. Transcription and promoter sequence analyses on these plantaricin A-induced operons strongly suggest the presence of a common regulatory mechanism implicated in their transcription.
MATERIALS AND METHODS
Bacterial strains and growth conditions. L. plantarum C11 possesses an inducible bacteriocin production triggered by plantaricin A (8) . The various phenotypes of C11 cultures with regard to bacteriocin production have been described as follows (8) : Bac ϩ C11 and Bac Ϫ C11 refer to cultures with and without production, respectively, whereas induced Bac Ϫ C11 denotes cultures with induced production. L. sake Lb706B(pVH52), a transformant containing the cloned plantaricin A operon (plnABCD) (8) , was used as source for plantaricin A in induction experiments. L. plantarum 965 was used as indicator strain in bacteriocin assay (7) . All strains were grown on MRS plates or in MRS broth (Oxoid, Basingstoke, Hampshire, United Kingdom) at 30ЊC without agitation. Erythromycin (final concentration, 5 g/ml) was added into the growth medium of Lb706B(pVH52) to stabilize the cloned plasmid (pVH52). Subcultivation of Bac ϩ C11 and Bac Ϫ C11, induction of Bac Ϫ C11, and preparation of cell-free supernatant from Lb706B(pVH52) were performed as previously described previously (8) .
DNA manipulations and sequencing. Standard DNA cloning techniques were performed as described by Sambrook et al. (49) . HindIII fragments (H3 and H5) and EcoRI fragments (E5, E7, and E9) (Fig. 1A) were obtained by digestion of some selected recombinant clones (9) and subsequently ligated into pGEM7Zf(ϩ) (Promega, Madison, Wis.) to give rise to plasmids pGH3, pGH5, pGE5, pGE7, and pGE9, respectively. Subfragments EH2 (EcoRI plus HindIII), EC1 (EcoRI plus ClaI), and E7S (KpnI) were digested from these plasmid clones and ligated into pGEM, giving rise to plasmids pGEH2, pGEC1, and pGE7S, respectively. Escherichia coli DH5␣ was used as host for plasmid amplification. For sequencing, nested clones of pGE5 and pGE7 were made by using an Erase-aBase kit (Promega), and the Sequenase system (U.S. Biochemicals, Cleveland, Ohio) was used to sequence both strands completely. Synthetic oligonucleotides were used as primers to sequence into part of pGEH2 (both strands) to complete the 16,139-bp sequence shown in Fig. 3 . Probes, RNA isolation, Northern (RNA) analysis, and primer extension. Restriction fragments used as probes are depicted in Fig. 1A . Oligonucleotides used for the same purpose and in primer extension experiments were S14 (5Ј-GCA GTTGCCCCCATCTGCAAAGAATACGCACTACTC-3Ј), complementary to plnA (accession number X75323 [9] ); oligoJ (5Ј-GGTGCAAATGCATCTAC-3Ј), complementary to plnJ; oligoM (5Ј-CAAGCATCTTCCCACTGC-3Ј), complementary to plnM; oligoN (5Ј-CCACCTTCAACGGTAGTC-3Ј), complementary to plnN; oligoE (5Ј-ggaattccGTTGATCTCCCCCAAGAAAATTAACG-3Ј; capital letters indicate complementary bases), complementary to the region between plnE and -F; and oligoG (5Ј-CTCGTCAACTTGCGCAAC-3Ј), complementary to plnG (see Fig. 3 ).
A time course induction experiment for transcription analysis was carried out as previously described (8) . However, the plantaricin A-containing cell-free supernatant from Lb706B(pVH52) was used as a source of inducer (final concentration, 2% [vol/vol]) instead of synthetic plantaricin A. In short, a freshly inoculated Bac Ϫ C11 culture was grown at 30ЊC until the optical density at 600 nm reached 0.1; then plantaricin A was added to induce bacteriocin production. Samples were collected during both exponential (time points of 15 min, 2 h, 3 h, 4 h, and 5 h) and stationary (7, 10 , and 24 h) growth phases, and RNA was isolated by the method of Igo and Losick (24) . RNA (about 5 g loaded onto each well) was separated on 1.4% (wt/vol) agarose gels containing 2.2 M formaldehyde, then blotted onto a GeneScreen Plus membrane filter (DuPont, Boston, Mass.), and probed with either end-labeled oligonucleotides or randomlabeled restriction fragments. 32 P-labeling reactions were performed by standard methods (49) , and hybridization was carried out as described previously (6, 33) . VOL. 178, 1996 CHARACTERIZATION OF THE pln BACTERIOCIN LOCUS 4473 prediction of pI, hydrophobicity, and potential transmembrane segments of proteins; with the Genetics Computer Group package, FASTA, TFASTA, BLAST, MOTIFS, and PILEUP were used for DNA and protein similarity searches, identification of known protein sequence patterns, and analysis of similarity among multiple sequences. Nucleotide sequence accession number. The nucleotide sequence presented in this report has been assigned EMBL accession number X94434.
RESULTS
Identification of plantaricin A-induced transcripts. In our previous work (8), we showed that the L. plantarum C11 bacteriocin activity in Bac ϩ C11 cultures was produced at a fairly constant rate throughout exponential growth phase. It reached a maximum in early stationary growth phase and then gradually decreased (i.e., there was no net production) later in the stationary growth phase. On the other hand, the bacteriocin activity in induced Bac Ϫ C11 cultures was first detected about 2.5 h (approximately in mid-exponential growth phase) after the addition of plantaricin A and then peaked in early stationary growth phase as observed with Bac ϩ C11. Thus, it seems likely that transcription of the genetic determinants responsible for bacteriocin production was activated upon addition of plantaricin A to the culture. Gene clustering is often observed for genes involved in bacteriocin production and regulation (3, 51, 54, 59) . Therefore, the flanking regions of the bacteriocin regulatory unit (plnABCD) were examined to see if they contain genes involved in bacteriocin production. Northern analyses were performed with two restriction fragments, E5 (5 kb) and E7 (7 kb), located on either side of plnABCD, as probes (Fig. 1A ). As shown in Fig. 2A and B and described in more detail below, nine different transcripts were detected, six by probe E5 and three by probe E7. Most of these transcripts were present at high levels over almost the entire exponential growth phase of the bacteriocin-producing culture (Bac ϩ C11; Fig. 2A and B, lane set a) compared with that of Bac Ϫ C11 (see below). Then levels rapidly declined in stationary growth phase. In the nonproducing culture (Bac Ϫ C11; Fig. 2A and B, lane set b), the levels of all of these transcripts were very low throughout its growth. However, when plantaricin A was added to the Bac Ϫ C11 culture to induce bacteriocin production (induced Bac Ϫ C11; Fig. 2A and B, lane set c), an increase in the synthesis of some of these transcripts was readily observed only 15 min after the addition of plantaricin A, and all transcripts were fully induced 2 h after addition of this induction factor. These results clearly show that both regions E5 and E7 harbor genes induced by plantaricin A and that expression of these genes seems to be coordinated with the bacteriocin production.
Sequence analysis of plantaricin A-induced operons. The DNA sequence of the plnABCD-flanking regions was subsequently determined as described in Materials and Methods (Fig.  3) . The contiguous 16,139-bp sequence obtained revealed, in addition to the operon plnABCD, 17 new open reading frames (ORFs) and an incompletely sequenced ORF (Fig. 1B) , all preceded by a plausible ribosome binding site (Fig 3) . As demonstrated below, 17 of the new ORFs are organized into four different operon structures designated plnJKLR and plnMNOP, both located upstream of plnABCD, and plnEFI and plnGH-STUV, both located in the downstream region; the latter (pln GHSTUV) is partial, containing the incompletely sequenced ORF (plnV) at its end. The last ORF (designated orf1) is located in the region between plnMNOP and plnABCD (Fig. 1B) .
(i) plnGHSTUV. The first two ORFs (plnGH) in plnGH-STUV potentially encode two relatively large proteins (716 and 458 aa, respectively). Some other relevant predicted physicochemical properties of PlnG and -H and of other ORFs described below are summarized in Tables 1 and 2 . Homology searches identified PlnG and PlnH as members of two protein families, the so-called ABC transporters and their accessory proteins, respectively, known to be involved in transport of various substrates across the bacterial membrane (12) . Highest similarity was found with proteins mediating maturation and export of peptides with precursor double-glycine-type leaders (16) . Such peptides include not only bacteriocins such as lactococcin A of Lactococcus lactis (19, 56) but also the competence factor of Streptococcus pneumoniae (15, 21, 22) . The putative ABC transporter PlnG and its accessory protein PlnH show 58.9 and 41.1% identity to their homologs ComA and ComB, respectively. Similarly, they show 52.6 and 29.7% identity to their homologs LcnC and LcnD, which together make up the dedicated lactococcin A secretion machinery.
The remaining four ORFs (plnS, -T, -U, and -V) of this partial operon encode polypeptides of 99, 140, 222, and 44 aa, respectively, of which PlnV apparently represents the N terminus of a larger polypeptide. The 3Ј end of plnS overlaps the first 10 codons of plnT (Fig. 3) . The deduced products from these four ORFs are predicted to be hydrophobic and contain PTHs, suggesting a membrane location. However, homology searches with the deduced gene products of these ORFs showed no obvious sequence similarity to any known proteins.
(ii) plnEFI, plnJKLR, plnMNOP, and orf1. Two of the three remaining operons (plnEFI and plnJKLR) start with a gene pair (plnEF and plnJK, respectively) encoding small (52-to 57-aa) cationic polypeptides that each appear to contain an Nterminal double-glycine-type leader sequence, which is probably removed by the putative PlnGH export system during the maturation process. The amino acid sequence and some other relevant physicochemical data of the deduced mature products are listed in Table 2 . All of these peptides appear to be relatively small (25 to 34 aa) and to have relatively high pIs (10.7 to 12.06). Furthermore, when displayed on an Edmundson ␣-helical wheel (50) , all of the peptides were shown to contain a segment that could potentially form an amphiphilic helix (data not shown). Such amphiphilic structures are believed to be associated with pore-forming toxins creating cell membrane channels through a "barrel-stave" mechanism (43), as suggested for the toxin ␦-lysin (43) and lactococcin G (both ␣ and ␤ peptides) (39) and for the induction factor plantaricin A (40). Thus, being small, cationic and amphiphilic peptides matured from precursors with double-glycine-type leaders, these putative peptides possess the characteristics of known nonlantibiotics (29) . Both of these two bacteriocin-like gene pairs (plnEF and plnJK) are followed by ORFs encoding polypeptides (PlnI of 257 aa and PlnL of 138 aa) with high pI, hydrophobicity, and three to seven PTHs. The last ORF (plnR) of plnJKLR encodes a small (50-aa) polypeptide, also predicted to be highly cationic and hydrophobic and to have a PTH.
As found for plnEFI and plnJKLR, the last operon (pln MNOP) also starts with two ORFs (plnMN) encoding small (55-to 66-aa), cationic polypeptides. However, only PlnN appears to have a double-glycine-type leader. The deduced mature product of plnN was shown to resemble the other bacteriocin-like peptides mentioned above in being small and cationic (Table 2) and containing a fragment which potentially can form an amphiphilic structure (data not shown). PlnM appeared to be highly hydrophobic and to have two PTHs. plnO and -P, the two following ORFs on this operon, encode relatively large polypeptides: PlnO (399 aa) is predicted to be rather hydrophilic and to have an acidic pI, while PlnP (247 aa) shows physicochemical properties resembling those of PlnI, being cationic and hydrophobic and containing seven predicted PTHs ( Table 2 ).
The single orf1 encodes a small (62-aa), cationic hydrophobic polypeptide with two PTHs.
Homology searches for all ORFs within these three operons and for orf1 showed no obvious similarity to known proteins in data banks. An exception was plnO, whose deduced polypeptide contains one of two consensus motifs typical for aspartyl proteases (Fig. 3) . Such proteins belong to a widely distributed family of proteolytic enzymes known to exist in eukaryotes and viruses but not in bacteria. Sequence comparisons between all ORFs were also performed; only PlnI and -P, which are of about the same size (257 and 247 aa), show significant similarity (55.9% similarity and 29.3% identity over their entire lengths).
Transcript mapping and promoter sequence analyses. The genetic locations of the various plantaricin A-induced transcripts detected by the probes E5 and E7, shown in Fig. 2A and B, were subsequently mapped by Northern analyses using an array of oligonucleotides and restriction fragments as probes 
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(see Materials and Methods and Fig. 1A) . The results are shown in Fig. 2C . The probes oligoJ, EC1, and EH2, specific for plnJ, plnJKL, and plnR, respectively, all hybridized to a transcript corresponding to the full length of a plnJKLR transcript (1.5 kb). The result for EC1 is shown in Fig. 2C , lane set d. The plnM-specific probe (oligoM) hybridized to two transcripts (Fig. 2C , lane set e), one which gave rise to a fairly weak band corresponding to the full length of a plnMNOP transcript (2.8 kb) and a stronger band corresponding to a transcript of possibly plnMN only (0.7 kb). However, the plnN-specific probe (oligoN) hybridized to several transcripts (Fig. 2C, detected transcripts of sizes between 1.5 and 2.9 kb were also detected when the same probe was used in a hybridization experiment with control RNA (isolated from a nonproducing Bac Ϫ C11 culture) (Fig. 2C, lane k) . These signals are hence interpreted as being due to unspecific hybridization, which is frequently observed when small oligonucleotide probes are used. Probe oligoE, specific for the region between plnE and -F, hybridized to two transcripts (Fig. 2C, lane set g ): a weak band corresponding to the full length of a plnEFI transcript (1.3 kb) and a strong band corresponding to a possible plnEF transcript (0.4 kb). The plnG-and plnHSTUV-specific probes (oligoG and E7S, respectively) hybridized to a highly unstable transcript (appearing as a smeared band). The result for E7S is shown in Fig. 2C lane set h. This transcript (approximately 7 to 8 kb) is 2 to 3 kb larger than the sequenced part of plnGH-STUV and is therefore believed to start with plnG and terminate 2 to 3 kb downstream of the incompletely sequenced ORF (plnV). Note that this large transcript seemed to disappear somewhat earlier than other transcripts ( Fig. 2A and B) . plnABCD has previously been shown to be transcribed as a 3.3-kb unit (9) . In addition, a large transcript (about 7 kb) was observed when probe E5 was used to hybridize RNA isolated from the late-exponential growth of Bac ϩ C11 or induced Bac Ϫ C11 (Fig. 2C , lane set i). This transcript was also detected when probe H5 and the same growth conditions were used (Fig. 2C, lane set j) ; H5 spans the adjoining 5-kb region harboring the entire operon plnABCD (Fig. 1A and B) . A likely explanation for this large transcript is that it is due to a readthrough transcript which starts at plnM and proceeds to the potential transcriptional terminator situated at the end of plnD (9), thus traversing a stretch of about 7 kb. Two band signals in Fig. 2B , lane set c, lane 1, one of 2.5 to 2.8 kb and the other of 1.3 to 1.4 kb, are believed to be due to artifacts; they apparently resulted from a combination of the instability of the hybridized mRNA (GHSTUV-RNA) that gave rise to the smear and the presence of the relatively large amounts of rRNAs (2.9 and 1.5 kb) that could have caused biased distribution of the degraded GHSTUV-RNA. Similarly, the band signals in Fig. 2C , lane sets h (2.5 to 2.8 kb) and j (2.5 to 2.8 and 1.3 to 1.4 kb), could have resulted from such artifacts.
To examine the region downstream of plnJKLR, the restriction fragment E9 was used as a probe. E9 spans the whole length of E5 and the adjoining 4-kb region downstream of plnJKLR (Fig. 1A) . This fragment gave rise to the same hybridization pattern as obtained with the E5 probe (data not shown), thus indicating that no other plantaricin A-induced transcript was present in this 4-kb flanking region.
The results given above together with the transcription analysis of plnABCD (9) indicate that plnJKLR, plnMNOP, plnABCD, and plnEFI represent four different operon structures, whereas plnGHSTUV represents a partially sequenced operon lacking the last 2 to 3 kb. The operons plnJKLR, plnABCD, and plnGHSTUV each seemed to give rise only to a full-length transcript (termed JKLR-, ABCD-and GHSTUVRNAs, respectively). On the other hand, the transcription of plnMNOP and plnEFI seemed to be more complex. These two operons gave rise to four (termed MNOP-, MN-, NOP-and N-RNA) and two (termed EFI-and EF-RNA) transcripts, respectively. All transcripts are depicted in Fig. 1C . To further ascertain this transcription pattern, the 5Ј end of each transcript was subsequently determined by primer extension analysis using appropriate primers (Fig. 4) . The results suggest that the mRNAs of all five operons have transcriptional starting points preceded by plausible Ϫ35 and Ϫ10 promoter sequences (Fig. 5) . The results also showed that the 5Ј ends of the two truncated transcripts possibly representing plnNOP and plnN (see above) most probably start just upstream of plnN ( Fig. 3 and 4C) . However, no obvious promoter elements were found at these locations. Consequently, we assume that these two transcripts were formed by processing of the transcript initiated from the promoter upstream of plnM.
Regions of dyad symmetry (inverted repeats) with potential to serve as transcriptional terminators were found at the end of the operons plnJKLR, plnMNOP, and plnEFI and of the ORFs plnF and plnN, indicated in Fig. 3 . Such a potential transcriptional terminator has also been identified at the end of plnABCD (9) . All of these features seem to be consistent with the transcription pattern obtained above.
Further sequence analysis revealed that in all promoters, the Ϫ10 consensus sequences were located 6 to 7 bp upstream of the transcriptional starting points. The corresponding Ϫ35 consensus sequences, however, were more difficult to identify. When these promoter sequences were aligned (Fig. 5 ), all were seen to contain two direct repeats located just upstream of the putative Ϫ35 sites. Each repeat consists of 9 bp with the consensus sequence 5Ј-TACGTTAAT-3Ј. The two repeats are spaced by an AT-rich stretch of 12 bp. These features resemble DNA sequence elements identified as binding sites for the transcription regulator AraC (5, 23, 34) (see Discussion). The repeat closest (6 to 9 bp) to the Ϫ35 site was termed right (R), whereas the second repeat further upstream (12 bp) was termed left (L). It is noteworthy that the plnGHSTUV promoter contain three direct repeats, all separated by 12 bp. The third repeat (termed RЈ) is located downstream of the R repeat between the Ϫ35 and Ϫ10 promoter elements. The alignment of the repeats (11 in total) from the five promoters revealed that the base pairs in positions (from 5Ј) 2 (adenine), 3 (cytosine), 6 (thymine), and 8 (adenine) are invariant in all cases.
DISCUSSION
Nature of the bacteriocin activity in L. plantarum C11. The present results provide new evidence supporting our hypothesis (8) that plantaricin A is an induction factor and that other peptides are required for the bacteriocin activity observed. We have identified three operons, plnEFI, plnJKLR, and plnMNOP, all encoding different bacteriocin-like peptides with double-glycine-type leaders. In the case of plnEFI and plnJKLR, the genes (plnEF and plnJK) encoding the bacteriocin-like prepeptides are followed by genes (plnI and -L) encoding cationic hydrophobic polypeptides with PTHs. This gene order seems to follow the conserved genetic organization of all known two-peptide bacteriocins reported to date (14, 37, 59) . In these cases, the corresponding cationic hydrophobic determinants are thought to serve an immunity role. The two operons (plnEFI and plnJKLR) are thus potential to encode two bacteriocins of two-peptide type. The third operon (plnMNOP) contains a bacteriocin-like ORF, plnN (see Results) , that could encode a one-peptide bacteriocin. However, no obvious gene for a potential immunity determinant was found to immediately follow this gene. Instead, plnN is followed by an ORF (plnO) which encodes a large (399-aa) polypeptide with a rather acidic pI and low hydrophobicity. Nevertheless, the two remaining ORFs on this operon, plnM and -P, both encode hydrophobic cationic polypeptides resembling immunity proteins. PlnM has a length of 66 aa, which is in the range (51 to 113 aa) observed for most immunity proteins associated with one-peptide bacteriocins (3, 35, 48, (57) (58) (59) (60) , whereas the size of PlnP (247 aa) exceeds this range. PlnP, however, shows a significant similarity to PlnI (see Results), which is thought to be the immunity protein associated with the putative two-peptide bacteriocin encoded by plnEF. Thus, either of these two ORFs might encode the immunity protein for this putative bacteriocin system.
The transcription pattern of these three operons is also consistent with that observed for bacteriocin production: all of these operons were repressed when the bacteriocin production was turned off, i.e., when cultures either were depleted for plantaricin A or were in the stationary growth phase (8) . However, transcription of all became activated when the bacteriocin production was on, which in Bac ϩ C11 cultures took place throughout the exponential and early stationary growth phases (8) .
The plantaricin A peptide clearly resembles nonlantibiotics (9, 40) . However, the genetic organization of the plantaricin A-encoding operon clearly differs from what is observed for most known bacteriocin-encoding operons and also from that of the three putative bacteriocin-encoding operons described above. No potential immunity gene was present on the plantaricin A-encoding operon; instead, determinants (plnBCD) FIG. 4 . Primer extension analysis of plnJ (using oligoJ as the primer; A), plnM (oligoM; B), plnN (oligoN; C), plnA (S14; D), plnE (oligoE; E), and plnG (oligoG; F). The nucleotide sequences of the primers are given in Materials and Methods. The nucleotide sequence for each gene was generated by sequencing appropriate plasmid clones, using the same oligonucleotides as primers; lane order is GATC. See Fig. 3 and 5 for genetic locations of these 5Ј-end sites.
for a signal transducing system were found (9) . These results, combined with the fact that plantaricin A lacks antimicrobial activity (8), suggest strongly that plantaricin A is, per se, not a bacteriocin but rather serves as a regulatory peptide.
Indication of a common regulatory mechanism in agr-like regulons. It is known that most transcription regulators and factors control their target operons by direct binding to a site close to or within the promoter region, thereby stimulating or inhibitory the binding of RNA polymerase to promoter Ϫ35 and Ϫ10 sites. Features such as inverted repeats (e.g., in switch [46] ) or direct repeats (e.g., in arabinose regulation [5, 23, 34] ) are frequently observed as binding sites for transcription regulators. They often bind as dimers, attaching to their binding sites in a cooperative manner, one subunit on each repeat. Critical intermolecular bonds are often formed between the transcription regulator and the most conserved nucleotides within the repeats (28, 53) . Some detailed studies on such binding sites (5, 46) have indicated that they must face toward the same side of the DNA helix in order to achieve optimal contacts with the DNA binding domains of the regulators. The direct repeats found within the conserved regulatory-like boxes (CRLBs) in the pln promoters seem to follow this pattern when the 30-bp regions spanning them are displayed on a DNA double-helix structure (10.5 bp per turn) (data not shown). On the basis of this information, we strongly believe that the CRLBs in the pln promoters serve as binding sites for a common transcription regulator.
Interestingly, when we examined the operons regulated by agr (26) and another agr-related system in Staphylococcus lugdunensis (61) and the operons or operon-like structures found in gene clusters responsible for the production of sakacin A (sap) (3), sakacin P (spp) (20) , and carnobacteriocins A, B2, and BM1 (cbn) (47, 48, 63) , we also found similar CRLBs upstream of their promoters (Fig. 5) . This observation suggests that all of these systems might be regulated by a common mechanism. It is noteworthy that all of these bacteriocin systems (including pln) and agr show high amino acid sequence similarity between their HPKs and RRs. Regarding the possible role of these RRs as transcription regulators, we also noticed a high occurrence of basic residues at their C termini (Fig. 6B ) which might play a role in binding to the negatively charged phosphate groups on the DNA backbone. Moreover, the resemblance of these systems extends to their genetic organization: the HPK and RR genes are organized in tandem, and the HPK gene is preceded by a small ORF (plnA in pln, orf4 in sap, orfY in spp, and orf6 in cbn) encoding a nonlantibiotic-like peptide precursor (Fig. 6A ). As found with plantaricin A (matured from PlnA), the mature gene product of orfY has also been found to serve as an induction factor in bacteriocin production (10) . The roles of the other two small ORFs (orf4 and orf6) have not been reported. However, both might have similar regulatory functions as well. Finally, the synthesis of the virulence factors in S. aureus which is regulated by the agr locus is triggered by an octapeptide (encoded by agrD) via a twocomponent regulatory, signal transduction system (agrA and agrC) similar to what has now been suggested for bacteriocin systems (42) .
It was noted that the rate of transcription of plnGHSTUV appeared to decrease somewhat earlier than that of other operons (see Results), indicating a selective regulation. This FIG. 5 . Alignment of the promoter sequences from operons or operon-like structures thought to be regulated by agr and other agr-like systems. The L. plantarum C11 pln promoters (this study and reference 9), plnA, -J, -M, -E, and -G; the L. sake spp promoters (20) , orfY, sppA, sppT, and orfX; the S. aureus agr promoters (26), agrD and hld; the S. lugdunensis agr-related promoter (61), orfD (similar to agrD); the L. sake sap promoters (3), sapA and orf4; the Carnobacterium piscicola cbn promoters (47, 48, 63) , orf5, orf6, cbnB2, cbnBM1, and cbnA. L. sake orfY and orfX were identified with coordinates 443 to 551, and 7489 to 7597, respectively, in the DNA sequence obtained (20) . The Ϫ35 and Ϫ10 sites are underlined; the conserved bases within these sites are indicated by boldface letters. Similarly, CRLBs containing direct (L and R) repeats are boxed, and the invariant bases within the repeats are indicated by boldface letters. The consensus sequence of the direct repeats is indicated for each promoter group. The transcriptional starts (TS; indicated by boldface letters) in pln or agr in S. aureus have been experimentally determined (this study and reference 26, respectively). The first codons (ATG/TTG) are indicated at the end of each sequence, whereas the preceding figures refer to the number of base pairs in the region between. Note that the Ϫ35 sites are, almost in all cases, less conserved than the Ϫ10 sites and that the plnG promoter contains an extra direct repeat (RЈ; indicated by italic letters) located just downstream of its Ϫ35 site. VOL. 178, 1996 CHARACTERIZATION OF THE pln BACTERIOCIN LOCUS 4481
on February 21, 2013 by PENN STATE UNIV http://jb.asm.org/ reduction took place in late exponential growth phase prior to the gradual drop in bacteriocin production (8) . This operon encodes an ABC transporter (PlnG) and its accessory protein (PlnH), which are believed to constitute the dedicated processing and secretion machinery of plantaricin A and the other five new bacteriocin-like peptides with double-glycine-type leaders. It is possible that the repression of transcription of this regulatory operon is the initial cause in decline of bacteriocin production. The promoter preceding this operon differs from the others by containing three consecutive direct repeats: the RЈ repeat flanking the 3Ј end of the promoter Ϫ35 site (Fig. 5) . It is feasible that the RЈ repeat could be occupied by an RR subunit during the late exponential growth phase, when the level of RR will be high. A bound RR on this site (RЈ) could interfere with RNA polymerase binding and thereby potentially limit transcription. If this model is correct, an RR occupying the RЈ repeat might explain the early repression of this operon. Such a regulatory mechanism involving both gene activation and a subsequent repression has also been characterized for the genetic switch of , which is controlled by the two central transcription regulators, Cro and cI repressor (46) . This work provides new information on the genetics and regulatory mechanism underlying the bacteriocin production in L. plantarum C11. Plantaricin A serves as an induction signal for bacteriocin production by triggering transcription of the relevant genes. The gene encoding plantaricin A is located on the same transcription unit as the signal transducing system (PlnBCD). It is therefore likely that this regulatory system is involved in regulation of bacteriocin production as well. Thus, we propose the hypothesis that the HPK PlnB acts as a receptor for plantaricin A and that PlnB, through the RRs (PlnCD), activates transcription of genes involved in bacteriocin production.
Finally, it should be mentioned that in lantibiotics, twocomponent regulatory systems have also been found and the regulation of nisin synthesis has been most studied (31) . While the pln system and most probably other nonlantibiotic systems (Fig. 6 ) produce separate bacteriocin-inducing peptides which are definitely different from the peptides exerting bacteriocin activity, nisin serves as an induction factor regulating its own synthesis (11, 31) .
